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INTEGRATED HEAT PIPE. THERMAL STORAGE

SYSTEM PERFORMANCE EVALUATION

E. Keddy, J. T. Sena, and M. Merrigwt

Los Alamos National Laboratory

Gary Hcidcrtreich, Sundslrand Corporation

Performance verification ICSIS of an imcgrated hca[
pipe-thermal energy storage system have been conducted.
This system is being developed as a part of an Organic
Rankine Cycle-Solar Dynamic Power Syste~ (ORC-SDPS )
receiver for future space stations. The integrated system
consists of potassium heat pipe elements that incorporate
thermal energy storage ~TES) canisters within the vapor
space along with an organic fluid (toluene) healer tube used
as the condenser region of the heat pipe. Durirlg [he
insolation periml of the earth orbit, solar energy is delivered
to [hc surface of the hra[ pipe elements of the ORC-SDPS
receiver and is intema y transferred hy the potassium vapor
for use and storage. Part of the thermal energy is delivered
to the heater tulw and the balance is stored in the TES units.
lhnng the eclipse ~riod of the orbit, [he s!omd energy in [hc
TES units is transferred by [he potassium vapor to the
tolucnc heater tube, A developmental heat pipe element was
fabricutcd that employs axial arteries and a diwibution wick
connecting the wicked TES units and the heater to the solar
insolation surfac< of the heat pipe, Tests were conducted to
verify the heiit pipe operation and to evaluate !he heot
pipcflES units/heater tube operation by interfacing the heiiter
UmI to a hca[ cxchungcr,

The heat pipe assembly was opera!cd through the rarsgc of
design conditions from the nominal design input of 4.8 kW
and up to a ma imum of 5.7 kW, Axial heat flux was varied

5up to 15 w/cm to simulate misalignment of solar optics.
Thermal cycle tests were conducted to verify the thermal
storage and discharge of the TES units during insolation and
cclipsc modes. Details of the test procedures a~~dresults of
the tests arc presented,

The organic Rankinc cycle (ORC) solar dyr, amic
powe~ systcm (SDPS) is onc of the prime candidates for
Sp:we St,l[ion prime-power application. Tle low earth orb!t
of [he Spuce Statio[. will resuh in approximately 34 minutes
of the ‘)4-minute orhitul period in eclipse without solar
encrg! being rcccived For this application, the SDPS will
usc lhcml~l energy storage (TES) material tr~ provide a
constant power output. Sundstrand Corporation is
dcvelopirrg a ORC-SDPS candidtite for the Spat: Srat~on thal
uses tolucnc as the working fluid and LiOH (m the TES
mittcritil. ( 1, Potassium heat pipes, ke} elements in the
development of [his syslem, are used 10 absorb and transfer
the solar trtcrgy within the receiver cavity (SCCFig, I). The
hew pipes incorporittt the TIN contitiners iind [hc tolucne
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heater surface within the vapor space of the heat pipe. Each
heat pipe provides a passive means of orxaining high thermal
condtictance between the heat pipe surface, the heater tube,
and the TES containers. The heat pipe transforms the
nonuniform heat flux within the solar receiver cavity to a
constant flux a! potassium vapor interface in the heat pipe.
The high-axial-heat transpofl provides s nearly constant
temperature interface with the TES modules and the heater
tube. Thus, the high-intensity, notl-uniform solar energy
incident in the ttceiver is made available to the large surface
area of the TES canisters and to the high-power density
surface of the tohser~e heater at uniform conditions. The
potassium vapor transport provides a means of switching the
thermal energy flow from the solar input to the TES material
or to the heater surface with minimal tempcrattm difference.

The requirements imposed on the solar receiver heat
pipes are similar to conventional heat pipes, but with some
differences in operational characteristics. The solar mdi~l
flux v ries frcm end to enci with a peak ux of about 7.5

f 9w/cm (with design margin of 2 or 15 w/cm ) approximately
50 cm from one end. Ilte operating temperature is limimd to
775 K maximum in the vapx space of the heat pipe by cycle
operating conditions. Average input to each heat pipe is 4.8
kW with a maximum of 5.7 kW possible due to
misalignment of solar optics, During eclipse, the heat pipe is
required to continue to function in a trsmsfer mode using the
latent heat of the LiOH as the heat source to provide heat
throughput to the tolucnc heater. The operating requirements
and intemitl flow paths for the heat pipe vw according to the
mode of system operation (insolation or txlipsc).

A developmental heal pipe was constructed with a
wick structure designed to provide liquid return for the varied
heat transfer perfomnance during operation in a gravity-free
environment. The wick was optimized for the heat pipe
internisl configuration unoer maximum performance
conditions with a scco dary goal of minimum material usc to

“2ensure light weight. ( ) The resulting heat pipe design,
st,own in Fig, 2, was tailored to the energy input
requirements: Energy transport to the calorimeter tube
(simulated ORC he;~tcrtuhc ) and TES csutistcrs, And energy
mansprwt from the TES canisters to the calorimeter tube
during discharge. The work reported in this paper was

directed to the expmimcrmtl pcrfortnancc evaluation of the

integrated heat pipe-thermal storage element operating in a
temperature range of 725 to 775 K and a 4.8 to 5.7 kW
power-input range,

N AND P~

The heat pipe was constructed from stainless steel
tubing 190.5 cm in length, with an outside diameter of 12.7
cm and wall thickness of 0.127 cm. Three layers of 100
mesh stainless screen were placed against the inner wall for
circumferential fluid distribution, Three layers of 100 mesh
were also placed over the TES units and over the heater tube
to collect the condensate during operation. The three layers
around the heater tube were arranged to form a pedestal,
which provided for a fluid path between the heater tube and
the circumferential fluid distribution wick. Axial fluid
disrnbution was provided for by 6 arteries, 2 between each
of the TES units and the inner wall and two between the
heater tube and the screen pedestal. The TES units and
heater tube wert Positional internal to the heat pipe md held
in place by end cap supports and internal stainless steel
skeletal supports,

All internal heat pipe parts were cleaned and
vacuum- fired prior to TIG weld assembly, Before potassium
chiugin~, the heat pipe assembly was vacuum fist.d at 825 K.
Pcxassium was introduced into the heat pipe by vacuum
distillation. Upon completion of the potassium distillation,
[he heat pipe was positioned horizontally and heated
uniformly over its entire length to distnbu!c the potassium
charge and to ensure complete wetting of she interior surface
and filling of the arteries.

TEST QMXIXYM

The objectives of the heat pipe testing were to
characterize L c heat pipe for the operating conditions of
NASA’s Space Station and included the following tests:

(1) Heat pipe operational verification test without
calorimetry,

(2) Steady state rfornmncc tests, including
rmaximum ca cmmcter power.

SCREEN (Typ)

Fig 2 Axial heat pipe with thcmusl mwtsgc unites
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(3) V&ri~g~ of proper thermal storage charge and

(4) Adverse gravity tests.

(5) Maximum heat flux test.

~~

A vacuum test chamber was used to conduct the wet-in
and performance testing of the heat pipe element. The test
charnbcr shown in Fig. 3 contained ports for power leads,
vacuum pumping, and for instrumentation, windows for
visual observation of the heat pipe d~sring operation, and a
feed through for the crslorimctcr attachment to the heater tube,
The simulated solar heat input was provided by a variable
zone r.f. coil. This coil was separated into four zones, (fig
4), each providing a different radia heat input flux into the
heat pipe.

The radial heat input flux could also be varied by
moving a coil closer to or further away from the heat pipe
wal 1. This method provides an avcmgc radial heat input over
four distinct zones, Each coil is shaped to deliver heat to a
scmicylinds-ical pornon over the length of the hca[ pipe. The
coil patterns were desigrwf to approximate the insolation
pattern on the inner surface of the sweivcr cavity.

Heat loss on the back half of the surface of the heat
pipe was kept at a minimum by radiation shieldin Sixteen

r?themmcouples were attached to the extcmal su ace of the
heat pipe to monitor the tcmpcraturc profile circumfercntially
and axially. The locations arc shown in Fig. 5.

.
~ I

An initial test was conducted to vcnfy the heat pipe
sta,l up operation from the frozen state and to demonsmate
freedom from non-condensable gas contamination. Initial
start up from the frazen condition of the working fluid was
accomplished by incrcas:ng the power input to the test

element to obtain s 5 Wmin tcmpcraturc rise rate while

maintaining vacuum chamber vacuum within the 10-5 Torr
range. The heat pipe clemer,t was stabilized at 775 K and
monitored for gas conttimination build-up. The end
thermocouples showed no decrcasc in temperature after onc
hour of steady slate o~ratirm, indicatinss Iittlc or no rzas
accumulation.” The no-calorimetry
stcitdy state test with calorimc~,

test W[S followed wi;h a

Cavity DoPth (CM)

Fig. 4 Insolation concentration versus cavity depth

~ The calorirnctcr tubeof the heat
pipe assembly was connected to the Syltherm 800 flow
system (fumishcd by Sundstrand) that simulated the toluene
flow system as shown in Fig. 6. Tests were conducted to
satisfy the conditions of 4.8 kW heat throughput for nurrnaf
operation and 5.7 kW heat throughput for an upper limit
capisbiliry. Steady state operations were attained at 5 kW and
6, I kW to satisfy the test requirements. However, these
powers were obtained at relatively low temperatures
(665-675 K). This condition was caused by turbulent fluid
flow through the calorimeter tube, resulting in a substantially
higher heat transfer coefficient of the fluid than was used in
the dcsigrt. Various arrangements were made to after the
flow system to maintain Iaminar flow with no success. A
~wcr of 7.57 kW at ?30 K was rcachcd during these uials,
md]catmg the heat pipe test clement had the capability to
operate at a power throughput 50% greater than nosmal,

To satisfy the remaining test conditions, an altcmatc
method of systcm heat removal was incorporated into the
systcm, Instead of dirczt coupling of Sylthemr 800 fluid to
the heater tube wall, a gas gtip was used between the heater
tube and a separate tube that contaixd the heat tmrssfer fluid,
By varying a gas mixture of argon and helium within this
gap, from 1 to 8 kW heat throughput could be transferred to
the Sylthcrm, In subsequent tests, this anangcmcnt was
used with appropriate gns ‘tixtum contro! io establish the

r
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Fig. 3 I{etit pipe elcrncnt test actup
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TCS 9-12

TCS I-4~

7CS 5-8

Fig. 5 Thermocouple hcation

H20 (COOLING)

HEAT EXCHANGER

*T I ) t

SYLTHERM tlEAT PIPE
1

U?pFILTER

Fig. 6

design value heat throughput at design tempcmturw

~Thermal
charge and discharge of the intcmul thermal storage cmistcrs
was conducted to simulate an earth orbit cycle. The test
setup us-d for ste$dy state testing was used fur this tesl, The
tcs! cycle was reduced to 75 % of tarth orbit (45 min
insolation and 26 min eclipse) to accommodate the actuid
mass of salt. CM of four IES canisturs failed final weld
inspection and was rcplnced with a dummy canister, Two
test cycles were conducted with the heat pipe evaporator and
heater tuhc m the 6 o’clock posi:ion,

After the initial startup, a condition war+ obtained in
which the thcrmnl energy canisters md the heat pipe vvcrc m b
tcmpcrnturc of 73S K with a power throughput of S,2 kW.
The power input was held constanl and the gas mixtme
within the gas gnp was adjusted 10 allow only 3,0 kW
thrwghput wilh the remaining 2,() kW hcir!g stored in the

( [CALORIMETER

FLOWMETER

Cnlorirnctcr setup

storage canisters, ‘f he tcmpcratum of the heat pipe incrcssscd
during this phase, When the tcm

f rratun ‘f ‘hc ‘cat ‘iwmschcd 77S K, the Erst ecli’ se cyc e was starwd and held for
26 min followed by m inso ation rh! of 45 min as shown

Yin Fig. 7. A second eclipse cyc c was conducted prior 10
termination of test. The ovwnge poww throughpu! was 3,()
kW during [hc test cvcks, Thr pcitk tcrnpcsaturc swing was
from 730 K to 780 i or 75S “k2S K,

The tcs[ cycle shown in Fig, (1 was conducted in the
same way as I!IC fitst, excc 1 that instead nf !he $Iartinq

[condition being 5,0 kW ai 73: K i 10 K IOV er th,w sht“/~~Sh
rn,p, of LiOIJ storrs c muwritil, the stanf~. point wns S.I’) *W
throughput m 720 f The Uvcrtil]c throughout during cyli ~g
wos 3.() kW and the lempcriuurc swing WM 714 K to 162 k
or 7311 ~ 24 K,

L?urin$ one otfcr test t’yclc, the caiorimwcr tube ml
the r. f, hctu input were chungcd from the h o’clock position
to the 12 o’clock Jxwilion tot< st lhc heat pipe opc[alion with

4
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Fig. 7 TEScanistcr fully chargal atstartofcclipw

the evaporator inan adverse “g’’attitude. Thchcat pipe
element was operated sati~factorily at a 5 kW-heat throughput
at 450 K; however, when the gas mixture was adjusted to
rcm.ove 3 kW through the calorimeter and allowed the heat
pipe temperature to rise to 476 K, a dry out occurred in the
evctporator, thus terminating the test. The i~~itial design
analysis for ‘dte heat pipe element indicated that the available
capillary head was 1962 Pa, using a pore radius of .83 *
10-4 M, and that the heat pipe evaporator would operate in an
advms~ “g” attitude, with some margin in the total pressure
drop.( ) A rewew analysis indicates that the actual pore
.adius is 1.3 * 104 M and that the available capillary head M
1221 Pa. This review indicated that the sum of the pressure
drops in the wick structure during full-power operation with
udverse “g” exceeded the available head and, therefore,
limited performance .

v Te,&Q A test was
conducted where the input heat flux was varied axially to
demonstr te the design-peak-heat-flux capability of 15

9waits/cm . An r,f. coil wcs fabricated to provide greater
than 5 kW heat inps over an area Iirnitui to a zone that

1received 15 watts/ctn or more. The total length of L$C hestt
input region was reduced from 190.5 cm to 35,6 c~ and
covered an area of 514 cm2, More than 15 watts/cm we

I

Yut into the heat pipe element over an area of 38.8 cm ,
ascd on measured throughput and radia[ion-loss

calculations, The heat pipe was Isothermal within S K at a
temperature of 733 K for 15 minutes with a calorimeter
power of 3 kW, NtJ hot spots or abnormal behavior
occurred.

. .
UMLL.WQN

A potassium hr~t pipe, incorporating thermal ener y
fstora~c elements ha~ been fahricnted and tested to t e

functmnal re uirements of usc in the solar receiver of an
organic t’Ran lne cycle-solar dy,lamic power system,
SimuJittcd abso ticm of solar energy was successfully

Tdcmomtmtcd WIt tb,is heat pipe by using variable r,f, heat
input coil The heat ipe assembly was opemtcd at design

/$
input owers of 4, and 5.7 kW snd at a maximum
d)lvug put of 7,57 kW. Thermal cycle tests to simulate the
insolation and tilipsc perinds demonstrated the successful
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Fig. 8 TES canisters fully discharged at start of insolation

chwge and discharg of the TES canisters. Axial flux
2variations to 15 w/cm were also successfully demonstrated.

Therefore, all test objectives were successfully
accomplished.

The performance verification tests show that an
integrated heat pipe-thermal energy storage system meets the
functional requirements of (1) absorbing the solar energy
reflected by the concentrator, (2) transporting the energy to
the organic Rankine heater, (3) prcviding thermal storage for
the eclipse phase and (4) allowing uniform discharge from
the thermal storage to the heater.

The heat pipe described in this paper was designed and
fabricated under a NASA Space Station Phase B contract
(NAS 3-24666), Funding for the heat pipe testing was
provided by Sundstrand,

(1.)

(2,)
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Corporation, “Thermal Energy Storage for Organic
Rankine Cycle Solar Dynamic Space Power Systems”,
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E, Keddy, J, T, Scna, K, Woloshun, M. Merrigan,
L-m Alamos National Laboratory, G, Heidenrcich,
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